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Background: The amyloid hypothesis predicts that in-
creased production or decreased clearance of �-amyloid
(A�) leads to amyloidosis, which ultimately culminates
in Alzheimer disease (AD).

Objective: To investigate whether dynamic changes in
A� levels in the human central nervous system may be
altered by aging or by the pathology of AD and thus con-
tribute to the risk of AD.

Design: Repeated-measures case-control study.

Setting: Washington University School of Medicine in
St Louis, Missouri.

Participants: Participants with amyloid deposition, par-
ticipants without amyloid deposition, and younger nor-
mal control participants.

Main Outcome Measures: In this study, hourly ce-
rebrospinal fluid (CSF) A� concentrations were com-
pared with age, status of amyloid deposition, electroen-
cephalography, and video recording data.

Results: Linear increases were observed over time in the
A� levels in CSF samples obtained from the younger nor-
mal control participants and the older participants with-
out amyloid deposition, but not from the older partici-
pants with amyloid deposition. Significant circadian
patterns were observed in the A� levels in CSF samples
obtained from the younger control participants; how-
ever, circadian amplitudes decreased in both older par-
ticipants without amyloid deposition and older partici-
pants with amyloid deposition. A� diurnal concentrations
were correlated with the amount of sleep but not with
the various activities that the participants participated in
while awake.

Conclusions: A reduction in the linear increase in the
A� levels in CSF samples that is associated with amy-
loid deposition and a decreased CSF A� diurnal pattern
associated with increasing age disrupt the normal physi-
ology of A� dynamics and may contribute to AD.
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T HE A� PEPTIDE HAS BEEN IM-
plicated as a critical initia-
tor of Alzheimer disease
(AD).1 Pathologic studies of
the brain tissue of patients

with AD demonstrate that extensive amy-
loid plaques associated with the dis-
rupted neuropil are deposited through-
out the cortex. A� peptides are the primary
component of amyloid plaques, which ac-
count for a 1000-fold increase of A� in the
AD brain. Increased brain A� in AD has
been postulated to be caused by in-
creased A� production or decreased clear-
ance.2,3 Thus, the study of A� levels in in-
dividuals with AD is likely to lead to a better
understanding of AD pathophysiological
changes as well as normal A� physiology.

A� in the brain is produced predomi-
nantly by neurons, by the cleavage of the
amyloid precursor protein by �- and

�-secretases. A� travels by diffusion and
bulk flow to the cerebrospinal fluid (CSF)
via interstitial fluid drainage pathways. The
A� level in CSF can be sampled as a bio-
marker of amyloidosis and can be used to
diagnose and predict AD with 70% to 95%
accuracy.4,5 Compared with controls, con-
centrations of CSF A�42 are consistently
decreased by approximately half in pa-
tients with AD.6 Repeat measurements of
CSF over months to years demonstrate
stable CSF A�42 concentrations in AD,7,8

but less stable levels of A�40.9 However,
in younger healthy participants, hourly
measurements of CSF A� levels demon-
strated highly dynamic and variable A�40
and A�42 concentrations.10 Consistent
with these dynamic CSF A� changes, mi-
crodialysis measurements of human brain
tissue also demonstrated highly dynamic
A� changes.11
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One hypothesis suggests that neuronal activity is re-
sponsible for the dynamics of A�.12,13 Modulation of neu-
ronal activity by electrical, pharmacological, and behav-
ioral interventions has direct effects on the concentrations
of A� in the central nervous system (CNS).13,14 For ex-
ample, increased stress and decreased sleep have both been
demonstrated to increase A� concentrations in animal mod-
els.15,16 Furthermore, a recent study17 demonstrated the ef-
fect of sleep on several synaptic markers, suggesting that
sleep may modulate the metabolism of a number of CNS
proteins.

Circadian rhythms have been described for a variety
of biochemical, physiological, and behavioral processes
that occur over a 24-hour cycle.18 Examples of circadian
rhythms include body temperature, circulating levels of
hormones such as cortisol, and blood levels of ions such
as sodium. The level of A� in CSF demonstrates a cir-
cadian pattern in healthy younger participants10; how-
ever, the dynamics of A� in aging and AD are less well
understood. Although prior reports indicate that the level
of A�42 in CSF is stable in individuals with AD, little is
known about the effects of age and amyloid deposition
on A� dynamics in the human CNS. Because age is the
largest risk factor for AD, understanding changes in the
dynamics of A� with aging may inform about the patho-
physiological processes that lead to amyloidosis and ul-
timately AD. Furthermore, the effects of amyloidosis may
reveal changes in CNS A� dynamics that are associated
with the pathology of AD.

In our study, we investigated CSF A� dynamics and how
they are affected by aging and amyloidosis. Samples of CSF
were collected hourly from each participant, and electro-
encephalography (EEG) and video recordings were ob-
tained continuously from a subset of study patients as dia-
grammed in Figure 1. The A� dynamics in CSF samples
were modeled and compared by age, amyloid deposition,
and sleep and awake behaviors. Our study confirms CSF
A� dynamics over time; describes associations between A�
dynamics and sleep, age, and amyloid deposition; and pro-

vides insight into normal CNS A� changes over time and
the effects of age and amyloid deposition.

METHODS

STUDY DESIGN

Our study was a repeated-measures case-control study con-
ducted at the Washington University School of Medicine in St
Louis, Missouri. Three groups of volunteers were enrolled: (1)
a case group of participants who tested positive for amyloid
plaque by use of carbon 11–labeled Pittsburgh Compound
B–positron emission tomography ([11C]PiB-PET) (the amy-
loid� group)19; (2) an age-matched control group of partici-
pants who tested negative for amyloid plaque (the amyloid−

group); and (3) a younger normal control (YNC) group. [11C]PiB
binds to amyloid plaques in the brain, and the binding poten-
tials of this compound for the prefrontal cortex, precuneus, lat-
eral temporal cortex, and gyrus rectus were averaged to yield
the mean cortical binding potential for each participant.20 A mean
cortical binding potential of 0.2 or greater was considered to
be amyloid plaque positive, and a mean cortical binding po-
tential of less than 0.2 was considered to be amyloid plaque
negative.

Participants in the amyloid� and amyloid− groups were older
than 60 years of age and were enrolled in the Washington Uni-
versity Alzheimer Disease Research Center. Younger controls
were between the ages of 18 and 60 years. All participants were
in good general physical health and had no other clinical neu-
rological diseases. Volunteers with active infections, with bleed-
ing disorders, or treated with anticoagulants were excluded from
our study. All human study protocols were approved by the
Washington University Human Studies Committee and the Gen-
eral Clinical Research Center Advisory Committee. Informed
consent was obtained from all participants.

DEMOGRAPHICS OF STUDY PARTICIPANTS

A total of 46 participants were analyzed in our study, among
whom 53% were women and 47% were men. Of these 46 par-
ticipants, 36 (78%) were white and 10 (22%) were African
American. The proportion of African Americans was signifi-
cantly higher in the YNC group compared with the other 2
groups (72% of participants were African American in the YNC
group, 7% were African American in the amyloid− group, and
9% were African American in the amyloid� group; P� .05). How-
ever, no statistical difference in A� dynamics was found be-
tween races within the YNC group. The mean (SD) age was 35.5
(10.7) years for the 20 participants in the YNC group, 71.0 (6.0)
years for the 15 participants in the amyloid− group, and 76.7
(7.7) years for the 11 participants in the amyloid� group. There
was no statistical difference in age between the amyloid� and
amyloid− groups (P=.77). APOE genotypes were available for
28 participants, among whom 11 (39%) were found to have
E3/E3 alleles, 10 (36%) were found to have E3/E4 alleles, 4 (14%)
were found to have E4/E4 alleles, 2 (7%) were found to have
E2/E3 alleles, and 1 (4%) was found to have E2/E4 alleles. The
prevalence of 1 or more E4 alleles was 67% in the amyloid�

and YNC groups, and 30% in the amyloid− group. Of the 15
participants in the amyloid− group, 14 were not clinically de-
mented, with a Clinical Dementia Rating (CDR) score of 0, and
1 participant had a CDR score of 0.5. Of the 11 participants in
the amyloid� group, 6 were clinically demented (5 had a CDR
score of 0.5, and 1 had a CDR score of 1), and 5 were not (with
a CDR score of 0).

Aβ

Aβ

CSF~1 hour
EEG

Video

9 AM 9 PM 9 AM 9 PM

Figure 1. Diagram of a participant during the monitoring of A� levels in
cerebrospinal fluid (CSF) samples. These samples were collected from a
lumbar intrathecal catheter approximately every hour for 36 hours from each
participant, and electroencephalograms (EEGs) and video recordings were
obtained continuously from a subset of study patients. The concentrations of
CSF A�40 and A�42 were measured using an enzyme-linked
immunosorbent assay and were analyzed over time for A� dynamics.
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SAMPLE COLLECTION

An intrathecal lumbar catheter was placed in all participants
between 7:30 AM and 9:00 AM, and the collection of samples
was started between 8:00 AM and 9:30 AM. For 36 hours, 6 mL
of CSF were obtained every hour. Aliquots of CSF were frozen
at −80°C immediately after being collected in 1-mL polypro-
pylene tubes. Participants were encouraged to stay in bed and
were allowed to choose when to sleep, read, watch television,
or talk throughout the study period. Participants had meals
served at 9:00 AM, 1:00 PM, and 6:00 PM.

ANALYSIS OF CSF SAMPLES

From each hour of collection, 1 mL of CSF was thawed, and A�40
and A�42 were measured by use of an enzyme-linked immuno-
sorbent assay (ELISA).10 In brief, 2G3 (anti-A�40) and 21F12
(anti-A�42) antibodies were used as the capture antibodies, and
biotinylated 3D6 antibody (anti–A�1-5) was used as the detec-
tion antibody. Each sample was assessed in duplicate. All samples
from each participant were measured together on the same ELISA
plate to avoid interplate variation. To measure the effect of ELISA
variability, we ran separate ELISA plates for A�40 and A�42 with
a single CSF sample for both assays. The mean percentage of the
intrasample coefficient of variation for duplicates was 10.4% for
A�40 and 5.9% for A�42. Similarly, total protein levels for each
sample were measured using a bicinchoninic acid assay. The mean
percentage of the intrasample coefficient of variation for dupli-
cates was 2% for total protein.

SLEEP STAGING AND EEG

Electroencephalographic data were collected for the YNC group.
Ambulatory equipment (TrackIt; Lifelines Ltd, Southampton,
England) was used to record signals from 6 EEG electrodes (F3,
F4, C3, C4, O1, and O2), a chin electromyogram, and left and
right electro-oculograms. This information was then im-
ported and scored using Polysmith 6.0 (Nihon Kohden, Tokyo,
Japan) using standard sleep scoring criteria.21 The sleep stage
(awake, rapid-eye movement sleep, N1, N2, or N3) was scored
for each 30-second epoch. Total sleep time (including the sleep
stages of rapid-eye movement sleep, N1, N2, and N3) was binned
every hour and expressed as minutes of sleep per hour.

VIDEO RECORDING

Aparticipant’s activitywasvideorecordedusingaLogitechQuick-
cam (Fremont, California) installed on a laptop computer for the
duration of our study. Recording began shortly after the intra-
thecal catheter was inserted and continued for a 36- to 48-hour
period.Videoswerereviewed,andaparticipant’sactivitywascoded
in30-secondintervalsusingMicrosoftExcel2007(MicrosoftCorp,
Redmond, Washington). Activities were rated as sleeping, talk-
ing, eating, reading, watching television, defecation and/or uri-
nation,writing, computeruse, samplecollection, andcatheterma-
nipulation (eTable, http://www.archneurol.com). The position of
the participant was coded as upright (�60°), partially upright (15°-
60°), or flat (�15°). After the videos were reviewed, they were
quality-checked for accurate recording of the sample collection
using patient charts. All video coders reviewed the same “test
video,” and Cohen � coefficients were used to measure inter-
rater agreementofvideocoding.Theweighted�coefficients among
the 3 different coders ranged from 0.77 to 0.79.

STATISTICAL ANALYSIS

All analyses were performed using SAS version 9.2 (SAS Insti-
tute, Cary, North Carolina). Graphs were plotted in GraphPad

Prism version 4.03 for Windows (GraphPad Software, San Di-
ego, California). Linear changes and circadian rhythms of A�
fluctuation over time were explored in our study. Both indi-
vidual time-course data for each patient and group-averaged
data were used in circadian pattern recognition. Group-
averaged data were calculated as follows: for each patient, (1)
the mean A�40 and A�42 levels over a 36-hour period were
calculated; (2) the mean-adjusted A�40 and A�42 levels were
estimated for each time point and expressed as a percentage of
the mean; and (3) hourly serial values of mean-adjusted A�40
and A�42 levels were grouped based on their amyloid plaque
status, and an hourly average was calculated for each group.
Mean levels of A�40 and A�42 and the A�42-to-A�40 ratios
over the 36-hour study period for each participant were com-
pared between the YNC group, the amyloid− group, and the amy-
loid� group using analysis of variance.

COSINOR ANALYSIS

Single cosinor analysis was used to analyze the patterns of the
A�40 and A�42 levels in each participant over the 36-hour pe-
riod. A cosine transformation was applied to the time variable
using 24 hours as the default circadian cycle, and the SAS PROC
NLIN procedure (SAS Institute, Cary, North Carolina) was used
to estimate the parameters of the circadian patterns for A� fluc-
tuations. The mesor (midline of the A� oscillation), amplitude
(distance between the peak and mesor), and acrophase (the time
corresponding to the peak of the curve) were calculated for each
patient and averaged within each group. Analysis of variance was
used to assess the differences in mesor and amplitude among dif-
ferent groups. Similarly, group-averaged data were used to es-
timate the parameters of circadian rhythms in the 3 study groups.

RESULTS

DECREASED A�42 VARIABILITY IN AD

To compare the effects of age and amyloid deposition on
hourly fluctuations, the YNC group was compared with
the older amyloid− and amyloid� groups, as determined
by [11C]PiB-PET.20 Variability of A� in each patient was
calculated as the standard deviation of serial A� mea-
surements over time, and the 36-hour mean A� concen-
tration was averaged by group (the YNC, amyloid−, and
amyloid� groups), as shown in Tables 1 and 2.

As expected, the CSF A�42 concentration was lower
in the amyloid� group than in the amyloid− group (63%

Table 1. Data on the 36-Hour Mean Concentrations of A�42,
by Groupa

Group

A�42 Concentrations Over 36 h, pM

Mean (SD)
Mean of SD

(SD)

YNC (n=20) 213.8 (80.6) 54.2 (25.5)
Amyloid− (n=15) 226.2 (160.4) 42.5 (22.6)
Amyloid� (n=11) 82.7 (53.8)b 14.9 (9.9)b

Abbreviations: Amyloid−, participants who tested negative for amyloid
plaque; amyloid�, participants who tested positive for amyloid plaque;
YNC, younger normal control.

aComparisons were made between the amyloid− and amyloid� groups,
using the YNC group as the reference.

bDifferences were statistically significant at P� .01.
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lower; P�.01) (Table 1). In addition, there was also a 3-fold
decrease in the variability (standard deviation) of A�42
hourly changes in the amyloid� group compared with either
the amyloid− group or the YNC group (P� .01). There was
a nonsignificant trend toward decreased variability in the
cognitively impaired amyloid� group compared with the
cognitively normal amyloid� group: a mean A�40 stan-
dard deviation of 260pM for the 5 participants in the cog-
nitively impaired amyloid� group vs 562pM for the 6 par-
ticipants in the cognitively normal amyloid� group (P=.11),
and a mean A�42 standard deviation of 9.7pM for the 5
participants in the cognitively impaired amyloid� group
vs 19.2pM for the 6 participants in the cognitively nor-
mal amyloid� group (P=.30). However, there was no dif-
ference in variability between the amyloid− and YNC
groups, which indicates that the reduction in A�42 and
A�42 variability was due to amyloid status, not age.

No difference was found in mean A�40 level or mean
A�40 variability (P� .05; Table 2) between amyloid− and
amyloid� groups; however, there was lower variability
in the amyloid� group than in the YNC group (P� .05).
Individual plots of A� concentration highlight the sig-
nificant decrease in hourly variability between the amy-
loid�, amyloid−, and YNC groups (eFigure 1).

We explored CSF A� dynamics with respect to linear
change over time and circadian rhythm. In the younger con-
trol group, a linear increase in the mean A� concentration
was observed over time (Figure 2A). Circadian patterns
remained after the linear trend was removed (Figure 2B).

AMYLOID DEPOSITION EFFECTS
ON THE LINEAR INCREASE IN A� LEVELS

To compare the associations between the linear in-
crease in A� concentrations (the so-called A� linear rise),
age, and amyloid deposition, calculations of the A� lin-
ear rise were expressed as the percent change over 24
hours for participants in the YNC, amyloid−, and amy-
loid� groups. The mean percent change of the linear in-
crease of A�42 concentrations over 24 hours was 17%
for the YNC group, 24% for the amyloid− group, and 7%
for the amyloid� group (Table 3). The amyloid� group
demonstrated a 66% lower A�42 linear rise compared with
the combined results of the amyloid− and YNC groups
(P� .05). Furthermore, with increased amyloid deposi-

tion, as measured by the mean cortical binding poten-
tial of [11C]PiB, there was less of a linear rise in A�42
level over 24 hours (Figure 3). Most participants with
amyloid deposition (those in the amyloid� group) had
no significant A�42 linear rise. Conversely, most par-
ticipants without amyloid deposition (those in the amy-
loid− group) or those younger participants unlikely to have
amyloid deposition by virtue of their age (those in the
YNC group) had a significant A�42 linear rise.

The mean percent change in the A�40 linear rise per
24 hours was 19% for the YNC group, 24% for the amy-
loid− group, and 15% for the amyloid� group (Table 4).
Although the amyloid� group had a lower mean A�40
linear rise, the trend was not statistically different from
the amyloid− and YNC groups (P=.20).

DECREASING A� CIRCADIAN PATTERNS
WITH AGE AND AMYLOID DEPOSITION

Cosinor analysis was used to assess the circadian patterns
of A� dynamics in each individual participant. The mesor
(midline of cosinor fit), amplitude (difference between me-

Table 2. Data on the 36-Hour Mean Concentrations of A�40,
by Groupa

Group

A�40 Concentrations Over 36 h, pM

Mean (SD)
Mean of SD

(SD)

YNC (n=20) 2001.0 (910.7) 522.6 (167.1)
Amyloid− (n=15) 2590.2 (1665.9) 448.3 (260.4)
Amyloid� (n=11) 2459.3 (1187.7) 425.1 (309.2)b

Abbreviations: Amyloid−, participants who tested negative for amyloid
plaque; amyloid�, participants who tested positive for amyloid plaque;
YNC, younger normal control.

aComparisons were made between the amyloid− and amyloid� groups,
using the YNC group as the reference.

bDifferences were statistically significant at P� .05.
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Figure 2. Mean-adjusted A�42 levels over time in 20 participants younger
than 60 years of age from the younger normal control (YNC) group. A linear
increase and a circadian pattern in A�42 levels over the duration of our study
were observed (A), and the A�42 circadian patterns remained after the linear
trend was removed (P� .05) (B).

ARCH NEUROL / VOL 69 (NO. 1), JAN 2012 WWW.ARCHNEUROL.COM
54

©2012 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023



sor and peak of the cosinor fit), and amplitude-to-mesor
ratio for each cosinor analysis were compared across groups
with the YNC group as the reference group. A�42 circa-
dian amplitudes decreased by 53% in the older amyloid−

group and by 81% in the older amyloid� group compared
with the YNC group (P� .01; Table 3). In addition, A�42
circadian amplitude–to–mesor ratios decreased by 45% in
the older amyloid− group and by 53% in the older amy-
loid� group compared with the YNC group (P� .01;
Table 3). The A�40 cosinor amplitude and the amplitude-
to-mesor ratio were 40% lower in the older amyloid− group
compared with the YNC group (P� .05; Table 4). Thus,
the largest decrease in circadian pattern was due to age, with
amyloid deposition having a lesser effect.

To further explore the relationship between age and
A�42 circadian rhythms, we plotted each participant’s A�42
circadian amplitude vs age (Figure 4). The amplitude of
the A�42 circadian pattern was inversely correlated with
age when the YNC and amyloid− groups were included
(r=−0.49, P� .01) and when all 3 groups were included
in the analysis (r=−0.61, P� .01). After controlling for age,
there was no significant difference in amplitudes be-
tween the amyloid�, amyloid−, and YNC groups (P=.27).
There was a nonsignificant trend toward a decreasing cir-
cadian pattern in the cognitively impaired amyloid� group
compared with the cognitively normal amyloid� group: a
mean A�40 circadian amplitude of 126pM for the 5 par-
ticipants in the cognitively impaired amyloid� group vs
309pM for the 6 participants in the cognitively normal amy-
loid� group (P=.19), and a mean A�42 circadian ampli-
tude of 3.2pM for the 5 participants in the cognitively im-
paired amyloid� group vs 8.8pM for the 6 participants in
the cognitively normal amyloid� group (P=.08).

Cosinor analyses were also conducted on the group-
averaged data for both A�40 and A�42 levels in the 3
groups (Figure5). The range in mean A� levels over time
before cosinor transformation was approximately 40% of
the mean (Figure 5). A�40 circadian patterns were found
by use of a cosinor curve fit (P� .01) in all 3 groups; how-
ever, an A�42 cosinor pattern was only found in the YNC
group. Similar to individual cosinor analysis, the YNC group
had higher circadian amplitudes in both A�40 and A�42.
The peak CSF A�40 levels (acrophase) occurred at ap-
proximately 10 PM, and the lowest levels occurred at ap-
proximately 10 AM, for the YNC, amyloid−, and amyloid�

groups. Similarly, CSF A�42 amplitudes reached a maxi-
mum at 10 PM and a minimum at 10 AM for the YNC group.

RELATIONSHIP OF A� CONCENTRATIONS
TO WAKEFULNESS AND SLEEP

Previous animal studies have demonstrated a direct rela-
tionship between wakefulness and increases in A� level.16

Herein, we assessed the correlation between A� levels and
total sleep time in a subset of 12 participants who had EEG
recordings in the YNC group (Figure 6). As expected, a
circadian pattern was identified in the mean total sleep time
(P� .01). Interestingly, the peak of wakefulness oc-
curred at 4 PM, whereas the CSF A� peak occurred 6 hours
later at 10 PM. The peak sleep time occurred at 4 AM,
whereas the lowest CSF A� level occurred 6 hours later
at 10 AM. A 6-hour delay from sleep to change in A� is
expected because there is a 6-hour lag from the time of
labeling to the time of detection of labeled A� in the lum-
bar CSF.22 Thus, both CSF A�40 and A�42 levels were
inversely correlated with sleep after a 6-hour delay.

Table 3. Comparison of Linear Increases In and Cosinor Parameters for A�42 Among 3 Groupsa

Group

Mean (SD)

Linear Increase
per 24 h, %

A�42 Circadian Pattern

Mesor, pM Amplitude, pM Amplitude-to-Mesor Ratio, %

YNC (n=20) 17.4 (18.8) 215.4 (81.6) 33.3 (22.6) 15.0 (7.2)
Amyloid− (n=15) 24.4 (23.5) 226.7 (161.2) 15.6 (8.3)b 8.3 (4.4)b

Amyloid� (n=11) 7.3 (18.4)c 82.4 (54.1)b 6.3 (5.3)b 7.1 (2.7)b

Abbreviations: Amyloid−, participants who tested negative for amyloid plaque; amyloid�, participants who tested positive for amyloid plaque; YNC, younger
normal control.

aComparisons were made between the amyloid− and amyloid� groups, using the YNC group as the reference.
bDifferences were statistically significant at P� .01.
cDemonstrated a statistical difference (P� .05) between the amyloid� group and the participants who tested negative for amyloid plaque (by use of carbon

11–labeled Pittsburgh Compound B–positron emission tomography) and the YNC group combined.
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Figure 3. Mean percent change with respect to the linear increase in A�42
level per 24 hours, by mean cortical binding potential (MCBP) of carbon
11–labeled Pittsburgh Compound B. In general, individuals without amyloid
deposition (young normal controls [YNCs] and older cognitively normal
controls who tested negative for amyloid plaque [amyloid−]) had significant
increases in A�42 level, independent of age, whereas participants with
amyloid deposition (older cognitively normal controls who tested positive for
amyloid plaque [amyloid�]) had lower increases in A�42 level (P� .05).
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INDIVIDUAL ACTIVITY AND A� LEVELS

Because individual behaviors may influence neuronal ac-
tivity and therefore influence A� production, we as-
sessed correlations between individual activities and hourly
CSF A� levels. Video-rated activities included catheter ma-
nipulation, CSF sample collection, computer use, defeca-
tion and/or urination, eating, reading, sleeping, talking,
watching television, and writing (eTable). A subset of 9
younger participants who were monitored with video analy-
sis were included in the analysis. We assessed correla-
tions between each activity and CSF A�40 and A�42 lev-
els after a 6-hour delay due to an expected 6-hour lag time.
However, there were no significant correlations between
individual behaviors and CSF A� levels (IrI�0.1). Cor-
relations remained low when assessed with no delay be-
tween activity and A� levels.

RELATIONSHIP OF A� AND TOTAL PROTEIN

For 30 participants, there was no hourly correlation be-
tween total protein and A�40 (r=−0.56 to 0.54; mean [SD]
correlation, 0.06 [0.28]). Furthermore, there was no cor-

relation between total protein and A�40 among the YNC,
amyloid−, and amyloid� groups.

The mean levels of A�40 and total protein for each
person over time were also calculated, and no correla-
tion was found between them (r=0.15, P=.44). As ex-
pected, mean total protein levels were significantly lower
in young controls compared with the older participants
(with a mean of 540.6 µg/mL for participants in the YNC
group, 696.4 µg/mL for participants in the amyloid− group,
and 656.1 µg/mL for participants in the amyloid� group;
P=.014). Total protein levels were averaged by group,
and a cosinor fit was applied. There was no significant
circadian pattern in total protein for any of the 3 groups
(P� .05) (eFigure 2). Thus, CSF A� dynamics appear to
be independent of CSF total protein changes.

COMMENT

The relationship between soluble A� concentrations in
the human CNS and sleep-wake cycles reveals novel in-
sights into the normal physiology of the brain and A�
metabolism. In healthy participants, the peak-to-peak
magnitude of the circadian pattern was 30%, which is sig-
nificant compared with other circadian biological rhythms
such as temperature, with a peak-to-peak magnitude of
approximately 2%. We report that normal circadian pat-
terns of CSF A� were disrupted by increasing age, the
largest risk factor for AD, and hourly CSF A� dynamics
and the linear increase in A� concentrations were at-
tenuated with amyloid deposition. This “flatline” CSF
A�42 level was a characteristic finding with amyloid dep-
osition but was not found in older non–amyloid-
burdened individuals. These findings suggest that the nor-
mal physiologic patterns of CSF A� are dynamic and
circadian, whereas amyloid deposition and aging dimin-
ish normal CSF A� dynamics.

The CSF A� circadian pattern was strongly corre-
lated with sleep after a 6-hour delay. For the group-
averaged data (Figure 2), the peak of wakefulness at 4
PM occurred 6 hours prior to the maximum levels of A�
at 10 PM. These findings were consistent with a 6-hour
delay observed from the time of labeling A� in the hu-
man CNS to the appearance of labeled A� in the lumbar
CSF.22 Taken together, these findings suggest that wake-
fulness precedes and causes increased levels of CSF A�,

Table 4. Comparison of Linear Increases In and Cosinor Parameters for A�40 Among 3 Groupsa

Group

Mean (SD)

Linear Increase
per 24 h, %

A�40 Circadian Pattern

Mesor, pM Amplitude, pM Amplitude-to-Mesor Ratio, %

YNC (n=20) 18.9 (22.5) 2012.9 (917.8) 317.6 (187.2) 16.9 (7.8)
Amyloid− (n=15) 23.5 (24.5) 2599.7 (1682.6) 180.3 (115.5)b 9.8 (6.2)c

Amyloid� (n=11) 14.5 (13.8) 2441.2 (1180.3) 226.3 (221.7) 11.3 (9.5)

Abbreviations: Amyloid−, participants who tested negative for amyloid plaque; amyloid�, participants who tested positive for amyloid plaque; YNC, younger
normal control.

aComparisons were made between the amyloid− and amyloid� groups, using the YNC group as the reference.
bDifferences were statistically significant at P� .05.
cDifferences were statistically significant at P� .01.
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whereas sleep causes decreased levels of CSF A�, gen-
eralizing findings from murine models16 to humans.

Circadian amplitudes were approximately 2 times higher
for both A�40 and A�42 in the YNC group compared with
the older amyloid� and amyloid− groups. Furthermore,
there was a significant inverse correlation between circa-
dian amplitude and age. However, circadian amplitudes
were not significantly different between those with and
without amyloid deposition, suggesting that increased age
primarily affects A� circadian rhythms. Possible causes for
the loss of correlation between sleep and CSF A� include
impaired A� transport or clearance mechanisms from the
brain to the CSF,3 or it may be due to the fact that A� pro-
duction was no longer being modulated by sleep.

In our study, we observed a linear increase in CSF A�
levels over time.

The A� linear rise has been observed by multiple phar-
maceutical groups and several academic groups that per-
form serial CSF collection studies. The A� linear rise was
not different between the younger and older amyloid−

groups, but was significantly decreased in the amyloid�

group. This finding indicates that amyloidosis or associ-
ated disease processes attenuate the rise in A� levels and
that this attenuation is independent of age. We postulate
that this steady increase in A� levels may be caused by in-
terrupted sleep and cumulatively increased stress in our
study participants, who demonstrated interrupted sleep
in EEG recordings. Animal studies indicate that both stress15

and sleep deprivation16 can increase A� levels in the CNS.
Alternatively, the CSF A� rise may be caused by changes
in CSF flow pathways as a result of CSF sampling, and these
changes increase lumbar CSF A� levels to concentra-
tions approximating brain or subarachnoid CSF levels.
Amyloidosis may be associated with or may cause impair-

ments in the clearance of A� to the CSF, thus blocking
the normal A� linear rise.

The loss of dynamic patterns was more pronounced
in A�42 than in A�40. More selective loss of dynamics
in A�42 may be due to its greater propensity to aggre-
gate and deposit in amyloid plaques. Studies of A� gen-
eration indicate brain A� is dynamic over minutes to
hours11,14 and is circadian in animal models.16 Studies of
single measures of CSF A�42 demonstrate low levels of
CSF A�42 in the presence of amyloid deposition.23 In our
study, we found decreased CSF A�42 dynamics in the
presence of amyloid deposition. Taken together, these
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results suggest that the dynamic changes in A�42 con-
centrations in the brain may be buffered by amyloid
plaques that serve as a pool of A�42 species to both de-
crease CSF A�42 levels and buffer dynamic changes in
CSF A�42 concentrations.23

The level of CSF A� has been successfully used as a
diagnostic,6 prognostic,5 and therapeutic biomarker.24 Our
results are consistent with reports of decreased and stable
levels of A�42 in AD,8 with higher variability in CSF
A�40,9 and highly variable and dynamic A� changes in
YNCs.10 The range of mean A� levels over time before
cosinor transformation was approximately 20% to 40%
of the mean (Figure 5), indicating that sampling time can
significantly affect test results in both younger controls
and older participants. Therefore, sampling at consis-
tent times is helpful in making comparisons of CSF A�
levels between patients and groups, especially for A� mea-
surements in controls.

These findings provide insight into the normal dy-
namic changes of the A� protein in the human CNS, as
well as the effects of aging and amyloidosis as they re-
late to AD. Further research into the mechanisms that
contribute to the age- and amyloid-related changes in A�
dynamics may offer novel therapeutic approaches for AD.
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